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ABSTRACT 



This study investigates fin-line filter structures, a 
type of E-plane waveguide device. Expressions germane to 
the analysis of fin-line structures are developed. A 
computer aided design and analysis program based upon a 
mode-matching technique is described. Filters designed 
by this program are fabricated and tested in X-band. Good 
agreement with predicted response is obtained. Filters 
fabricated and tested in Ku and Ka bands by other researchers 
are analyzed by the new program. Good agreement between 
predicted response and published performance is noted. 
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I. INTRODUCTION 



Integrated circuits for use below about 3 GHz demonstrate 
clear advantages in terms of size, weight, cost and electri- 
cal performance, over alternative techniques. These 
advantages often accrue as a result of component miniaturi- 
zation. However, as the frequency is increased to the 
centimeter and millimeter regimes, the resultant excessive 
miniaturization creates problems associated with critical 
mechanical tolerances, and questionable production uniformity. 
Moreover, concomitant undesireable electrical performance 
involving radiation loss, spurious coupling, dispersion and 
higher order mode propagation becomes unacceptable [Ref. 1]. 
Over the last decade, integrated fin-line structures have 
received increased attention as attractive media for 
low-insertion loss design applications which avoid excessive 
miniaturization, yet offer the potential for low-cost 
batch-processed production techniques. 

The fin-line filter structure consists simply of 
conductive strips, or fins, which bridge the broad walls of 
a rectangular waveguide. That is, for waveguide operated 
in a TE mode, the conducting fins are suspended in the 
E-plane. Metal sheet structures suspended in the center of 
the waveguide (herein referred to as "Class I" structures) 
offer the simplest possible structure for analysis and 
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design. These unilateral center-line fins present fabrica- 
tion and suspension difficulties. Bilateral fin-line filters 
may be constructed as printed circuits on low-loss dielectric 
substrates and inserted in the center of the guide. These 
("Class II") filters offer the advantage of construction by 
well developed printed circuit techniques, and relatively 
straight forward analysis [Refs. 2, 3], but still present 
the problem of mechanically fixing the fin-line structure in 
the center of the guide. Clearly, fin-line structures printed 
on dielectric substrate and affixed to the waveguide side- 
walls ("Class III" structures) offer mechanical advantages 
over the other two class types. The authors know of no 
previous investigations concerning Class III strucutres. 

The purpose of this thesis study was to develop and 
validate a computer aided design (CAD) program for the design 
and analysis of all Three class types cf E-plane fin-line 
filters. To this end, the appropriate mathematical 
expressions were derived for a generalized fin-line structure. 

The generalized structure has two different dielectric 
materials in the guide. The Class II filter described above 
corresponds to the case where the higher dielectric constant 
material is in the center of the guide. The Class III filter 
has the higher permittivity material along the waveguide walls . 
The generalized Class I filter has the same permittivity 
throughout the fin-line structure. 
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The derived transcendental equations relating the mode 
wave number values in different zones of the waveguide 
apply to all class types. However, when the difference 
in dielectric constants is large the trigonometric functions 
in the transcendental relationship may become hyperbolic. 
Moreover, Class II and Class III structures require different 
but equivalent expressions in the numerical analysis to 
avoid singularity occurances. 

The analysis method employed is a mode-matching technique 
uniquely applied to include the effects due to an arbitrary 
number of higher order modes. A convergence dependence 
analysis assures the most efficient regional distribution of 
the limited number of higher order modes retained for the 
numerical analysis. 

Validation of the complete computer program for Class 
I and II filters was initially conducted by analyzing k^ and 
k band fin-line filters designed and constructed by Shin 
[Ref. 2], and Arndt, et al [Ref. 3]. Finally, several Class 
I and Class III filters were designed, constructed and 
tested locally. These test filters were resonant in 
X-band (8-12 GHz) to match available test hardware. 
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II. THEORY 



For the types of fin-line structures in waveguides 
considered here, each geometrical discontinuity may be 
considered in two distinct coordinate frames. It is useful, 
therefore, to expand the unknown fields in both regions in 
terms of their associated normal modes. Field continuity 
requirements are then imposed on the modes at the interface 
of the regions. Finally, the orthogonality property of the 
normal modes is used to derive an infinite set of linear 
simultaneous equations for the unknown modal coefficients. 

This is the essence of the mode-matching technique for the 
solution of boundary value problems [Ref. 4], Moreover, 
this procedure leads directly to the scattering matrix for 
the discontinuity. Since the fin-line is a series of such 
discontinuities separated by transmission line sections, a 
cascading technique may be employed to develop an equivalent 
scattering matrix for the entire structure. 

In principle, the effects of all the possible modes upon 
each of the others is inherently included, and the analysis 
is exact. In practice, the number of modes considered must 
be limited to a reasonably finite set. Accurate and 
efficient convergence of the subsequent numerical calculations 
is achieved by following the guidelines suggested by the 
studies of Shih and Gray [Ref. 5]. 
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The derivation of the equivalent scattering matrix for 

generalized fin-line structure follows. Detailed 

intermediate steps of the development are contained in rhe 

appropriate appendices. The basic geometry of the E-plane 

fin-line is shown in Fig. II-l. It is important to note 

that the assumed "magnetic wall" (x=0), along which the 

parallel magnetic field is zero, implies TE tvoe (m odd) 

- mo 

incident waveforms. The computer simulation is based upon a 
TE-^q incident wave. 

A. EXPRESSIONS FOR NORMAL MODES AND EIGENVALUES 

By assuming incident modal electric (E) fields of the 
TE^ q type, field symmetries allow the simplified waveguide 
geometry shown in Fig. II-2. The conducting fin is assumed 
to be infinitely thin. The dielectric materials in the guide 
are assumed to be lossless, homogeneous, and isrropic. Also, 
the fin-line structures and subsrrates must be constructed 
to maintain symmetry about the x = 0 plane. For simplicity 
of discussion, the guide is considered to be comprised of 
two regions, and two zones. The regions are Z dependent. 
Region I refers to the guide before the meral fin boundary, 
and Region II refers to rhe guide after (plus Z direction) 
the fin boundary. The zones are X dependent. Zone 1, 

V 

sometimes called rhe lower zone, refers to the condition: 

0 < x < d 



MAGNETIC WALL 




w 
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1 II 
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Fig.. II-l. E-Plane Bilateral Fin-line Geometry 



REGION I . REGION II 




13 



while Zone 2, sometimes called the upper zone, refers to 
the condition: 

d <_ x <_ a. 

Modal eigenvalues in -Region I use lower-case subscripts, 
while those of Region II use upper-case. Regional divisions 
are occassionally indicated explicitly by the superscripts. 
"I" and "II" . 

The Z dependence of all fields is of the form: 



"t "^"i 

where y is the propagation constant of the m 1 mode. 
Likewise, the time dependence of all fields is of the form: 

e iwt 

where j is the radian frequency of the electromagnetic (EM) 
wave. These terms are understood to multiply all field 
expressions, and will not be explicitly shown, except where 
it is more convenient, or constructive to do so. 

The general solution to the wave equation has the form: 

[A., cos k.x, + 3., sin k . x, J e 
3k 3 k 3K 3 k 



icct-y . t 
3 



where the k. are the associated wave numbers and the x, are 
: * 

the appropriate directional variables, x or y. 

For our purposes, the electric field in the Y direction, 
E , is of greatest interest. In Region I, the appropriate 
expressions for the normal modes of the field are found 
to be (Appendix A) : 



n 



A cos k, x 
n In 



ft sin k (a-x) 
n un 



0 < x < d 



d < x < a 



(II . A. 1 ) 



with 



n 



[( 



sin k (a-d) 
nn 

cos k, d 
In 



, sin2k, d 

>4 + —- -> 

In 



+ ( 



, sin2k (a-d) -1/2 

a-d un -j 



4k 



un 



A = fl 
n 



sink (a-d) 
un 

n cosk, d 
In 
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"ell 

The wave numbers for the n L ‘ mode are related by the 



transcendental eauations: 




(II. A. 2) 



{ 



tan k., d = k cot k (a-d) 
In In un un 



(II. A. 3) 



where 




c 



Equation II. A. 2 is the usual dispersion relation, 

where e , and e are the relative dielectric constants of the 
1 u 

two zones. The transcendental equations (II. A. 2) and (II. A. 3) 
are solved simultaneously to determine the value of the wave 
number for each mode in both zones . 

The corresponding expressions for Region II are similarly 
found to be: 




sink.™ ( z-x ) 



d < x < a 



0 < x < d 



(II .A. 4) 
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The wave number for the p" mode is 



k 



( 2P-1) IT 



LP 2d 



; 0 < x < d 



k. 



Pit 

UP " (a-d) 



; d < x < a 



It should be noted that in Region II, the eigenvalues for 
k^p are uncoupled from the eigenvalues for k^p so that the 
mode number, p, runs from 1 to » individually in each zone. 
The propagation number for the m 1 * 1 mode in Region I is 
given by : 



Y 



I 

m 




1/2 



0 < x < a . 



The Region II propagation numbers are given by: 



Y 



II 

D 





1/2 



0 < x < d 




1/2 



'U 



d < x < a 



Positive real values for the propagation number corresponds 
to evanescent waves. Propagating wave modes occur when 
the propagation number is imaginary. 
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3. 



MODAL ANALYSIS 



Any physically realizable electric field may be written 
as some linear combination of the normal modes. That is: 



y 



E A <j> 
n=l n n 



and 



,11 

J v 



E D if/ 
0 = 1 ? ? 



The 6 and ip are the normal modes of the E field in Region 
'n p y 

I and Region II, resoectively . The A and D are the 
° ’ - n p 

associated amplitudes. 

The interface discontinuity may be analyzed as a two 
port junction, with values as defined in Fig. II-3. The 
boundary conditions on the and ^ [Ref. 4] require that: 



E A <b + E A" <f> 
n=l n n n = l n n 



E D + E D ^ 

o=l p p o = l P p 



and 



i Y 1 A + * 



v . T 



A 



- 6 



oo 

T I + 

E Y D p 



n = l n n n n=1 n n n q P P P 



T I 

- E Y D <p . 
o=l p p p 
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A + = Coefficients 
m 


of 


Modes 


Incident from the 


Left 




A” = Coefficients 
m 


of 


Modes 


leaving junction 


to the 


Left 


D = Coefficients 
m 


of 


Modes 


Incident from the 


Right 




D" 1 " = Coefficients 
m 


of 


Modes 


leaving junction 


to the 


Right . 


C S ] - Scattering Matrix 









Fig. II-3. Two-port Junction Model of Discontinuity 
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The characteristic impedance of the n 
by : 



mode , Y 



is defined 



th 



n 



, TT \ _ 9 -tin _ 

' FT" - 



— Y $ ■*■ ( H ) - Y 4 ) . 

1 n n z n n n 



Whence , 



' = T n 

'n juu 



(II, 



The orthogonality of the normal modes implies that: 



» , a 30 + _ a 

Z (A + + A”) j <j) 4j dx = Z (D + D ) / 4’ ^ ax 



-* n n n m 

n=l o 



P =1 p P o p m 



Z (D + D~) 5 

p o pm 

D = 1 



where 6 is the kronecker delta, 
Dm 



We define the coupling coefficients, by: 



ri = f o b dx . 
mn n m 

o 



3 . 1 ) 
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Whence , 



E 

n=l 



A 

n 



+ A") H 
n 



mn 



D + + D“ . 
m m 



Similarly, we can write: 



Z 

n= 1 



Y 1 ( A + 
n n 



a 

A~) / 

n o 



n 



m 



dx 



Y I (A + - A - ) 
mm m 



p=l 



Y II (D + - D") 

CD D 



d> dx 
i> m 



or, since the p is a dummy summation index, 



Y X (A + - A - ) 
mm m 



E 

n=l 



Y 11 

n 



(D 



n 



D ) H 
n 



nm 



By representing the A and D amplitudes as vectors, and the 
H coupling coefficients and Y impedance terms as matrices, 
these relationships may be expressed more succinctly as: 



[H ] [A + + A'] = [D + + D - ] 
mn n n mm 



[Y 1 ] [ A + - A'] = [ Y XI 1 CH 1 1 CD^ - D~ ] . 
m m m n mn m m 



iT r^ + 
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